The single molecule magnet (SMM) bis(phthalocyaninato)terbium (III) (TbPc 2 ) has attracted steady research attention as an exemplar system for realizing moleculebased spin electronics. In this paper, we report on the spontaneous formation of Tb molecules with and without the Kondo effect, the result of the complex interplay between structural and electronic differences.
Introduction
Single-molecule magnets (SMMs) are metal complexes which act as magnetic domains at the single-molecule level; 1-3 the nanosize dimensions and quantum nature of SMM systems brings to light several properties that link macroscopic phenomena with the quantum world, such as the emergence of staircase hysteretic behavior in the magnetization, quantum phase interference, and temperature independent relaxation processes.
SMMs are synthesized by coordinating spin active transition-metal ions (d, f -block) with a variety of organic-based chelating molecules, in such a way that the unpaired electrons located on the metal ions are coupled together via exchange interactions and give rise to systems with high spin multiplicity, and large (as well as negative) zero field splitting with dominant uniaxial magnetic anisotropy. Diverse examples of multi-metal SMM clusters are described in literature, starting from the Mn12-Ac molecule, which represents one of the most studied, early SMM prototypes (U ef f = 51 cm −1 , S = 10 and D = -0.51 cm −1 ). 1 Single ion molecular magnets (SIMs) and, in particular, the bis(phthalocyaninato) terbium(III) (TbPc 2 ) molecule, stands out in recent years for being extensively investigated. Structurally, the TbPc 2 molecule adopts a D 4d -symmetry and a square antiprismatic terbium coordination geometry. The complex can exist in both anionic and uncharged (neutral) form due to the redox non-innocent Pc ligand. These very promising SIM candidates exhibit particularly high energy barriers for magnetization reversal (U ef f = 410-641 cm −1 depending on the Pc-ring oxidation states and environment) 3 and blocking temperatures (T c > 1.7 K); properties that are not quenched even when the molecule is subjected to dimensionally constrained environments (e.g. following surface deposition). 4 These key features may promote the technological implementation of the system in real-world devices. In particular, measurements utilizing radio frequency and magnetic field excitations in TbPc 2 point towards the potential use of this molecule for reading the nuclear spin state information of the Tb atom through the coupled electronic states of the metal ion and the ligands. 16, [32] [33] [34] One prevalent and widely studied phenomena on TbPc 2 molecules is the selective and controllable presence of a zero-bias Kondo resonance in the dI/dV spectra, localized to the Pc ligand lobes. 6, 19, 24, 26, 30, 35 The location and strength of the Kondo resonance has been attributed to charge transfer between the substrate and the TbPc 2 molecules. [5] [6] [7] 11, [13] [14] [15] [17] [18] [19] [20] 22, [24] [25] [26] [28] [29] [30] 35, 36 The Kondo phenomenon is observed in all studies conducted on the monolayer TbPc 2 on Au(111) 19, 27 but not on the Ag (111) substrate. 24 Nevertheless, in the case of the higher apparent height (i.e. brighter) molecules, on Au(111) the Kondo effect is quenched, but is present on Ag(111). Additionally, the Kondo state can be quenched by physical rotation of the top Pc ligand, 6, 10 and has also been shown to be influenced by the ligand neighborhood. 30 Spin resolved measurements demonstrate the importance of understanding exactly how interaction between the substrate and molecule, e.g., charge transfer, influences the orbital occupancy and resulting electronic properties of the molecules. 9 Despite these extensive research efforts, ambiguities about certain basic structural information remain for TbPc 2 molecules absorbed on a surface. It has been previously observed that at elevated temperatures, TbPc 2 molecules may decompose and form Tb 2 Pc 3 and Tb 3 Pc 4 , with ratios that seem to depend on the experimental conditions such as annealing temperatures employed and use of an UHV environment. 37 However the systematic study of such species on surfaces has been missing so far, to our knowledge. Moreover, the possibility to form triple-decker Tb 2 Pc 3 and in general Ln 2 Pc 3 SMMs seems to be an unlikely scenario for synthetic chemistry in solution. Indeed, little is known about triple-decker Tb 2 Pc 3 and in general Ln 2 Pc 3 SMMs, because the unsubstituted phthalocyanine rings render such systems difficult to handle in any solvent. Thus, only few multi-decker Ln complexes are known today in literature, and mostly comprise of species making use of substituted Pc-rings (e.g. with OEt, OBu) to increase solubility. 3 Here we report measurements of TbPc 2 molecules thermally evaporated in ultrahigh vacuum (UHV) on a single crystal Ag(111) surface and subsequently studied via scanning tunneling (STM) and non-contact atomic force microscopies (nc-AFM). 38 Submolecular spatial AFM resolution achieved with a CO-terminated probe allows us to identify the presence of well ordered, self-assembled islands composed of both TbPc 2 and Tb 2 Pc 3 molecules. The unexpected presence of Tb 2 Pc 3 molecules is further supported by manipulation experiments and confirmed by chemical analysis of the molecules collected after the UHV experiments. From these observations we can infer an alternating rotational configuration of the triple Pc ligand stack, which can rationalise the appearance of the Kondo resonance observed on Tb 2 Pc 3 molecules. The experimental evidence is supported by total energy density functional theory (DFT) calculations.
Results and Discussion
After deposition of TbPc 2 molecules on the Ag(111) surface held at room temperature (for details see Methods), we observed in STM large areas (> 150 × 400 nm) of densely packed molecules surrounded by clean Ag(111), as shown in Fig. 1a) . The molecular layer grows between surface step edges and we clearly observe two different apparent height contrasts within the molecular layer using STM imaging. Detailed inspection of the edge of an island as shown in Fig. 1b) , reveals two distinct molecular contrasts, dark and bright, which correspond to different apparent heights of molecules. Differences in height have been previously observed in STM measurements for TbPc 2 absorbed on Au(111) and Ag(111) surfaces 6, 24 and additional species with higher apparent height were attributed to a second layer of TbPc 2 molecules. 24, 27 However, apparent topography measured in STM on the same region may change substantially at different tip-sample biases. Indeed, bias-dependent line profiles, presented in Fig. 2a) , show significant deviation in the apparent STM height between the two different species, making reliable measurement of the height impossible using this method. For certain bias voltages, the higher apparent height molecules are roughly double that of the lower apparent height molecules relative to the Ag(111) surface, which is likely why they have previously been identified as a second layer of TbPc 2 molecules. 24, 27 
STM and AFM: height determination
To overcome this deficiency in STM height determination, we examined the apparent heights in the nc-AFM mode using a CO-terminated tip. The presence of an inert CO molecule on the metallic tip apex significantly reduces the chemical reactivity of the probe, which allows us to reach the frequency shift minima without variation of tip structure. This measurement has been previously demonstrated to be an accurate way to determine the heights of molecules absorbed on surfaces. 39 The frequency shift was recorded as a function of tip-sample distance on the two different molecular regions and Ag(111) surface, as shown in Fig. 2b) . By identifying the frequency shift minimum on the three regions (dark, bright molecules and bare Ag(111) surface), we obtained the height of the two different molecular regions to be 0.62 nm and 0.92 nm with respect to the Ag(111) surface. In contrast with the apparent height from STM, these measurements show that the higher molecules are not twice as high as their lower counterparts. On the other hand, the two AFM determined heights match well with the distances between the upper Pc ligand of TbPc 2 and Tb 2 Pc 3 , with respect to the Ag(111) surface as obtained from the total energy DFT simulations, shown in Fig. 2c ).
This finding strongly suggests that the higher and lower molecules in STM represent We performed manipulation experiments of the bright molecules, the results of which further reinforce the identification of Tb 2 Pc 3 on Ag(111). Figure 3 shows a sequence of molecular manipulations performed by moving the tip in constant height laterally into the side of different bright molecules, with the direction of tip motion indicated by the arrows. We expected lateral manipulations to move what we initially supposed to be second layer TbPc 2 molecules. Instead, for the lateral manipulations in Fig. 3a ), 3b), and 3c), the bright molecule was completely removed from the area (e.g., absorbed to the tip), leaving a hole down to the substrate. The removal of the molecules in Fig. 3b ) and 3c) created a channel that was required for the successful lateral movement of the higher molecule, shown in Fig. 3d ). We interpret these observations as evidence that the species with higher apparent height in STM are chemically discrete units, consistent with our identification of them as Tb 2 Pc 3 .
Ex-situ Chemical Analysis
To gain more evidence about the formation of Tb 2 Pc 3 molecules, we performed ex-situ chemical analysis of the molecules before and after several thermal cycles of evaporation in UHV onto the Ag(111) surface. High-resolution mass spectrometry 
Structural Model
We performed detailed measurements and analysis of the arrangement of TbPc 2 and Tb 2 Pc 3 assemblies on the Ag(111) surface. The nc-AFM technique provides unprecedented spatial resolution of molecular assemblies superior to standard STM imaging. 38 In particular, the technique allows us to precisely measure the internal orientation of molecules forming the on-surface assembly. From these observations, we can identify a two-molecule unit cell commensurate with the Ag(111) lattice (shown in supplementary information Fig. S2 ). Unfortunately, such a big unit cell makes total energy DFT simulations computationally intractable. We performed calculations in a smaller unit cell including only one TbPc 2 or Tb 2 Pc 3 species, respectively. This means that the mutual orientation cannot be directly compared to the experimental evidence. According to the total energy DFT simulations the TbPc 2 or Tb 2 Pc 3 molecules are stabilised on the Ag(111) surface by an attractive van der Waals interaction and charge transfer between the molecular species and metallic substrate. In both cases, we observed substantial planarization of the Pc ligands with respect to the optimal gas phase configuration (see inset in Fig. 2c) ), as a consequence of the attractive van der Waals interaction with the metallic substrate.
The planar structure of the Pc ligands facilitates sub-molecular resolution measurements. Indeed, the calculated AFM images are consistent with the experimental data (see Supplementary Material Fig. S5 ).
Molecular Charge Transfer
We extended the nc-AFM measurements to look for differences between the two Because of the limited spatial KPFM resolution we pursued a different approach to address differences in the internal charge distribution within molecules. Molecular backbones are typically represented by sharp edges caused by lateral bending of the CO-tip. Modification of the internal charge distribution within the molecule modifies the Coulombic interaction experienced by CO-tip. This in turn modifies the position of sharp edges providing information about the variation of the charge distribution. 42 We applied this methodology to this system to see if we could correlate the structural and electronic differences we observed in the sub-molecular AFM contrast. Figures 6a) and 6b) are images of the same group of four Tb 2 Pc 3 molecules, taken in standard STM with a metallic tip (Fig. 6a) , and nc-AFM at constant height with a CO-functionalized probe (Fig. 6b) Upon identifying the two distinct geometries of TbPc 2 or Tb 2 Pc 3 in the surface assembly, we characterized their respective electronic properties. We carried out scanning tunneling spectroscopic (STS) measurements of the electronic structure, which To estimate the Kondo temperature T K of the Tb 2 Pc 3 molecule showing the Kondo effect, we fit selected spectra using the Frota expression for the Kondo resonance: 46, 47 
Another parameter that plays an important role in the quantitative analysis of the Kondo problem is an average occupancy number n i of the impurity state i . 49 In our case, it is represented by the highest occupied molecular level. It has been demonstrated that the Kondo regime is typically established within an occupancy range of 0.8 < n i < 1.2 having approximately one unpaired electron in the highest occupied molecular level. 50 In the gas phase this is an integer number, but this is not necessarily the case upon deposition on a metallic surface due to additional interaction with the substrate. Indeed, we already established that both KPFM measurements and DFT We can estimate the occupancy n i of the HOMO orbital of Tb 2 Pc 3 molecules showing the Kondo resonance from analysis of the STS spectra using the well known Fano formula: 51
with an additional linear offset term, where is the normalized energy:
E K is the peak position, and Γ exp is the half-width at half-maximum of the STS spectrum. q is the Fano parameter which interpolates between a Lorentzian peak (q → ∞) and dip (q = 0), depending on the strength of the interference effect between competing tunneling channels through the single impurity and its environment. In our case, we obtained the best fit with parameters E K = 0.62 meV, Γ exp = 6.3 meV (blue line, Fig. 8d ). We correct the Γ width parameter for the thermal and electronic broadening by considering their root-mean-square contributions to the effective and intrinsic peak width: 24
where we take T = 5K as the temperature of the microscope, and V rms = 5 mV as the lock-in signal amplitude for these measurements. The corrected value Γ = 4.4 meV gives the Kondo temperature T K = 51K. This value is a little bit higher then the value obtained by the Frota fit. Finally, the occupation number n i of the HOMO orbital can be deduced from the corrected Γ using the following expression: 49
We obtained the average occupation n f = 0.91, which fits into the predicted range of occupancies where the Kondo effects may appear. We can check the consistency Computational: The optimized structures of TbPc 2 and Tb 2 Pc 3 molecules molecules on Ag(111) were calculated by the FHI-AIMS program package 54 based on ab initio density functional theory (DFT). We used exchange correlation functional PBE+U 55, 56 with U=5eV for f -electrons of Tb and van der Waals interaction was approximated by the Tkatchenko-Scheffler dispersion correction method. 57 The AFM images were calculated with Probe Particle code. 43, 58 We used the following parameters of the flexible probe-particle tip model: the effective lateral stiffness k = 0.24 N/m and effective atomic radius R c = 1.661Å. We added a quadrupole-like charge distribution at the tip apex to simulate the CO-tip for all the AFM simulations 45 (quadrupole charge of -0.05×0.71 2 e×Å 2 ).
